The overexpression of leptin is a crucial feature for the maintenance of pregnancy. The effects of leptin on trophoblast invasion are important to its reproductive function, but the underlying mechanisms remain poorly understood. MMP14 is a member of matrix metalloproteinase (MMP) family that is closely involved in the invasion process. Here, we characterized the importance of MMP14 in the proinvasion effect of leptin on EVT cells and elucidated its molecular mechanisms. Transwell assay revealed that leptin promoted invasion of the immortalized EVT cell line HTR-8/SVneo in a dose-and time-related fashion. Further studies suggested that leptin enhanced HTR-8/ SVneo cell invasion by up-regulating MMP14 expression and that knockdown of MMP14 by small interference RNA (siRNA) blocked the proinvasion effect of leptin. Notably, leptin promoted the expression of Notch1 receptor and activated its signaling in HTR-8/SVneo cells, and blocking this pathway by siRNA inhibited both leptin-enhanced MMP14 expression and invasiveness of HTR-8/SVneo cells. Such effects of Notch1 signaling were related with the activation of the PI3K/Akt pathway, which was significantly activated after leptin stimulation and was interfered by Notch1 signaling perturbation. Taken together, our observations suggest that leptin is an effective regulator of MMP14 expression, which consequently plays critical roles in invasion of EVT cells. The promoting effects of leptin on MMP14 require the cross talk between Notch1 and PI3K/Akt signaling pathways. extravillous trophoblasts, invasion, leptin, MMP14
INTRODUCTION
The invasion of human extravillous trophoblast (EVT) cells into maternal decidual stroma and spiral arteries is essential for the establishment of successful pregnancy [1] . EVT cells derive from cytotrophoblast cells and acquire an invasive phenotype shortly after blastocyst implantation [2] . The normal EVT cell invasion facilitates the anchor of chronic villi into decidua and the remodeling of uterine spiral arteries to increase blood supply of the implantation site [2] . In contrast to tumor cell metastasis, EVT cell invasion is tightly controlled in a spatial and temporal manner [3] . The disruptions of this control are often associated with pregnancy complications, including miscarriage, pre-eclampsia, and intrauterine growth restriction [4, 5] . Therefore, the subtle regulation of EVT cell invasion is critical for the maintenance of normal pregnancy.
The dramatic change of hormones is one of the characteristics during pregnancy. A high concentration of pregnancyrelated hormones, such as estrogen, progesterone, and human chorionic gonadotrophin, plays a significant reproductive function from implantation to maternal-fetal tolerance, and their aberrant expressions are often seen in patients with pregnancy complications [6] [7] [8] . Overexpression of leptin is another characteristic of maternal hormone profile during pregnancy, as results of both increased adiposity and active secretion of placenta [9] . Hyperleptinemia plays crucial roles in the early phase of mammalian pregnancy, illustrated by evidence that intrauterine injection of a leptin peptide antagonist or a leptin antibody impairs implantation in mouse [10] and that women suffering spontaneous first-trimester abortion have abnormally low plasma leptin levels [11] . An intensive expression of leptin receptors is found on distal EVT cells of cell columns with unique invasive potential in the first trimester [12] , suggesting the effects of leptin on EVT cell invasiveness. However, studies about the role of leptin in EVT cell invasion in early pregnancy are quite limited, and the specific mechanisms remain largely unknown [12] [13] [14] .
The process of trophoblast invasion requires the degradation and remodeling of decidual extracellular matrix, which depends mainly on matrix metalloproteinases (MMPs), a family of zinc-dependent proteolytic enzymes [15] . Previous studies show that leptin promotes the expression of MMP2 and the activity of MMP9 in trophoblast cells [12, 13] , providing some clues for how leptin regulates their invasiveness. However, the activity of MMPs is tightly regulated at varying levels, including transcription, secretion, and postsecretory activation [15] . MMP14 is a ''master switch'' proteinase for the activation of some MMPs, especially MMP2 [16, 17] , and consequently is one of the critical factors in tumor invasion [18] . A high degree of coexpression of MMP14 and MMP2 mRNA is observed in EVT cells of the first trimester [19] , suggesting the involvement of MMP14 in trophoblast invasion. MMP14 expression could be regulated by variant factors, including chemokines, cytokines, or pregnancy-related hormones [20, 21] . The overexpression of MMP14 is found in first-trimester placentas of patients suffering from gestational diabetes mellitus (GDM) [22, 23] . As leptin is highly elevated in GDM [24] , it could be a potential stimulator for this overexpression. Moreover, our previous study demonstrated that leptin promoted MMP14 cell-surface localization in gastric cancer cells [25] . Overall, the above evidence indicates that leptin might promote EVT cell invasion by regulating MMP14 expression.
The expression of MMPs is closely associated with Notch signaling. Their interaction regulates variant cellular movements, as supported by studies that Notch signaling promotes tumor metastasis by up-regulating MMP2/MMP9 expression [26] [27] [28] , and Kaposi sarcoma herpesvirus-infected lymphatic endothelial cells gain MMP14-dependent invasiveness through Notch activation [29] . Notch signaling undergoes stepwise modulation during the trophoblast invasion process [30] . The fine-tuning between Notch activity and trophoblast invasiveness indicates its involvement in normal invasion behavior, but the link between Notch and MMP14 in this process is never illustrated. In this study, we investigated the possible link between leptin and MMP14 in the promotion of invasion and the mechanisms whereby leptin up-regulated MMP14 expression in human EVT cells.
MATERIALS AND METHODS

Reagents and Antibodies
Recombinant human leptin (rhleptin, catalog no. 398-LP-05M) was obtained from R&D Systems. The primary antibody for MMP14 (1:500 dilution, catalog no. MAB3328) was purchased from Millipore Corporation, and all those for NICD (1:1000 dilution, catalog no. 4147), AKT (1:1000 dilution, catalog no. 4685), p-Akt (1:2000 dilution, catalog no. 4060), and bactin (1:1000 dilution, catalog no. 4970) were obtained from Cell Signaling Technology. LY294002 (catalog no. 9901) was from Cell Signaling Technology. Sources of other reagents are indicated in the text.
EVT Cell Line and Culture
The immortalized human first-trimester EVT cell line, HTR-8/SVneo, was a kind gift from Dr. Charles Graham (Queens University, Kingston, ON, Canada) and has been described previously [31] . Cells were maintained in complete RPMI 1640 medium (Thermo Scientific HyClone) supplemented with 10% fetal bovine serum (FBS; Thermo Scientific HyClone) at 378C in 95% air and 5% CO 2 incubator, and passages 10-50 were used. Seventy percent confluence was reached before setting up the assays described below.
Patients and Tissues
Samples of human adipose tissue, used as positive control for leptin expression [32] , were obtained from patients undergoing gynecological surgery. This usage was approved by the Institutional Review Board of Shandong University (Jinan, China), and informed consent was obtained from the donors.
Cell Invasion Assay
The transwell Matrigel invasion assay was performed as previously described [25] , with minor modification. Briefly, 50 ll of diluted 1:4 Matrigel (BD Biosciences) in serum-free RPMI 1640 medium was added to the upper chamber of 24-well transwell inserts (8-lm pores; BD Biosciences) and incubated at 378C overnight for gelling; 5 3 10 4 HTR-8/SVneo cells in 100 ll of serum-free medium were plated into the upper chamber of transwell inserts coated with or without Matrigel, and 600 ll RPMI 1640 medium containing 10% FBS were added to the lower chamber. Cells were incubated for 1 h for adherence, and then leptin of different concentration was added in the upper chamber. After incubating at 378C in 5% CO 2 for the intended period of time, the noninvaded cells on top of the transwell were scraped off with a cotton swab. The invaded cells were fixed by 10% formalin and stained with eosin. Three fields of each well were photographed, and cell numbers were determined. Meanwhile, migration cells in Matrigel-uncoated wells were also counted. The invasion index was calculated as the ratio of the number of cells invading through the Matrigel-coated chambers to the number of cells migrating through chambers without Matrigel coating.
RT-PCR and Quantitative RT-PCR
Total RNA was extracted from HTR-8/SVneo cells using TRIzol reagent (Invitrogen) according to the manufacturer's instructions; 1 lg of total RNA was reverse transcribed using M-MuLV reverse transcriptase (Fermentas) for 60 min at 428C in the presence of the oligo-dT primer to obtain cDNA, and 1 ll of single-strand cDNA was used as templates for the PCR reaction with DNA polymerase (Invitrogen). PCR amplification was performed after a hot start at 958C for 5 min followed by 30 cycles (948C for 30 sec, 578C or 608C for 30 sec, and 728C for 45 sec), with a final extension at 728C for 7 min. To control the purity and quantity of cDNA, GAPDH was used as loading controls. The products were separated on 1.8% agarose gel and visualized by ethidium bromide. The gel was scanned by the Kodak Digital Image Station IS2000 (Kodak) and subsequently analyzed by densitometry with AlphaEaseFC software (version 4.0.0; Alpha Innotech Corp.). The primer sequences and annealing temperatures are listed in Supplemental Table S1 (all Supplemental Data are available online at www.biolreprod.org).
For quantitative RT-PCR (qRT-PCR), total RNA was extracted, and cDNA was synthesized by the same method as RT-PCR; 1-ll aliquots of cDNA template were mixed with 19 ll of LightCycler Mastermix (Fast Start DNA Master SYBR Green I kit; Roche), and qRT-PCR was performed on the LightCycler 2.0 Instrument (Roche) according to the manufacturer's protocol. The cycling conditions were the same as those in RT-PCR, except that all annealing temperatures were 608C. Levels of GAPDH were used as an internal control to normalize the quality and quantity of cDNA. Gene-specific amplifications were demonstrated with melting curve data. The quantification data were analyzed with LightCycler analysis software version 4.0 (Roche).
Western Blot Analysis
Cells were collected and lysed with radioimmune precipitation buffer. A total of 20 lg proteins (in cell lysates) were separated on 10% SDSpolyacrylamide gel and transferred onto nitrocellulose membranes (Millipore). Membranes were blocked for 1 h at room temperature with TBST (50 mM TrisHCl, 150 mM NaCl, 0.05% Tween-20, pH 7.0) containing 5% nonfat dry milk and then incubated with the primary antibody (MMP14, NICD, Akt, p-Akt, and b-actin) overnight at 48C. The membranes were exposed to the horseradish peroxidase-labeled secondary antibodies (1:5000) for 1 h at room temperature. Protein expression was visualized using an enhanced chemiluminescence system (Millipore). The bands were analyzed using densitometry with AlphaEaseFC software (version 4.0.0; Alpha Innotech).
Cell Surface Biotinylation
Cell surface biotinylation was performed according to the protocol previously described [33] with minor modifications. Briefly, HTR-8/SVneo cells under different treatment conditions were collected and washed with PBS and then incubated with 1 mg/ml Sulfo-NHS-Biotin (Thermo Scientific Pierce) for 30 min on ice; 200 mM Tris-HCl (pH 8.0) were added for 20 min to neutralize the biotin labeling reaction, and then cells were lysed with radioimmune precipitation buffer. To pull down cell surface protein, equal protein (100 lg) from cell lysates was incubated with streptavidin-agarose complex (Thermo Scientific Pierce) overnight at 48C and centrifuged at 1300 3 g for 60 sec. After washing with PBS three times, the samples were heated for 5 min at 658C in loading buffer containing b-mercaptoethanol to release the cell surface protein. The released proteins were analyzed by Western blot with anti-MMP14 antibody. In order to normalize the quantity and quality of input cell lysate, equal protein (20 lg) from the cell lysates was used for Western blot, and the expression of b-actin was analyzed as a loading control, according to the previous description [34] .
Gelatin Zymography
Cell culture supernatants were collected, and a total amount of 6 lg protein (in cell-free supernatants) was electrophoresed on 10% SDS-polyacrylamide gel containing gelatin (type A, 1 mg/ml; Sigma-Aldrich) as described previously with minor modification [35] . Gel was washed twice for 45 min in 2.5% Triton X-100 after electrophoresis and incubated in buffer (50 mM Tris-HCl, 150 mM NaCl, 5 mM CaCl 2 , 1 lM ZnCl 2 and 0.02% NaN3, pH 7.5) at 378C overnight. Then the gel was stained with 0.5% (w/v) Coomassie brilliant blue G-250 for 4 h to identify the proteolytic activity of MMP2. Gel was scanned by the Kodak Digital Image Station IS2000, and images were analyzed using densitometry with AlphaEaseFC software (version 4.0.0; Alpha Innotech).
RNA Interference
Small-interference RNA (siRNA) constructs targeting MMP14 (
, and stable negative control were designed and WANG ET AL. 
Statistical Analysis
Data were presented primarily as the mean 6 SD. The SPSS software package (version 13.0; SPSS) was used for all statistical analysis. The distribution of the samples was determined via Kolmogorov-Smirnov test. The results of experiments were analyzed by unpaired t-test or one-way analysis of variance wherever appropriate. Tukey post hoc comparison was performed when statistical significance (P , 0.05) was found between observations.
RESULTS
Leptin Promoted HTR-8/SVneo Cell Invasion
Leptin receptors are expressed in EVT cells [12] . HTR-8/ SVneo is a human immortal first-trimester EVT cell line first established by Graham et al. [31] and exhibits similar in vitro invasive properties with the parental cells. Therefore, we first analyzed the expression of leptin and leptin receptor isoforms in HTR-8/SVneo cells. Our results indicated that HTR-8/ SVneo cells did not express leptin (Supplemental Fig. S1A ). However, the main signal-transductive isoform of leptin receptors (LEPR), OB-Rl, was strongly expressed in HTR-8/ SVneo cells, alongside other two short isoforms (B219.1 and B219.3; Supplemental Fig. S1B ). Moreover, OB-Rl was significantly up-regulated in HTR-8/SVneo cells when stimulated by exogenous leptin (Supplemental Fig. S1C ).
Previous studies suggest that leptin is associated with the cytotrophoblast invasiveness during implantation and pregnancy [12] [13] [14] . In order to investigate the effect of leptin on invasion of EVT cells during early pregnancy, HTR-8/SVneo cells were treated with exogenous leptin (0, 50, 100, 250, and 500 ng/ml) for 24 h, and then a transwell assay was performed to test their invasive activity. The results indicated that leptin significantly increased the invasive potential of HTR-8/SVneo cells, with a maximal effect at a dose of 500 ng/ml (Fig. 1, A  and B) . In addition, a maximal response to leptin (100 ng/ml) was achieved at 36 h (Fig. 1C) .
Leptin Promoted MMP14 Expression in HTR-8/SVneo Cells
MMP14 is found in human placenta of early pregnancy, and trophoblasts are the main producers, suggesting that MMP14 regulates the invasiveness of trophoblast cells [36] . To explore the involvement of MMP14 in leptin-enhanced invasion of HTR-8/SVneo cells, we first examined whether MMP14 expression could be regulated by leptin. As shown in Figure  2 , A and B, leptin up-regulated MMP14 expression at both mRNA (2.70 6 0.44-fold at 100 ng/ml, P , 0.05; 4.61 6 1.11-fold at 500 ng/ml, P , 0.01) and protein (3.27 6 0.46-fold at 100 ng/ml, 6.11 6 0.47-fold at 500 ng/ml; all P , 0.01) levels in HTR-8/SVneo cells. Meanwhile, the cell surface expression of MMP14 was significantly increased after leptin treatment ( Fig. 2C; 2 .92 6 0.11-fold at 100 ng/ml, 3.65 6 0.15-fold at 500 ng/ml; all P , 0.01). 
LEPTIN PROMOTES EVT CELL INVASION BY MMP14
The capacity for activating pro-MMP2 is a common criterion to evaluate the function of MMP14 [37] . Here we performed zymography assay to determine whether MMP2 activation could be triggered by leptin as the result of MMP14 up-regulation in EVT cells. The results demonstrated that leptin promoted the expression of MMP2 total protein in HTR-8/ SVneo cells, supported by the enhanced proteolytic activity of the ;72-kDa and ;62-kDa band corresponding to proactive and active MMP2, respectively (Supplemental Fig. S2A ; 3.15 6 0.30-fold, P , 0.01). Importantly, the percentage of active MMP2 in total protein was also significantly increased after leptin treatment (Supplemental Fig. S2B ; 50.68 6 7.23% vs. 67.77 6 5.63%, P , 0.05).
Increased Expression of MMP14 Was Involved in the Invasion of HTR-8/SVneo Cells Enhanced by Leptin
To further confirm whether MMP14 is involved in the invasiveness of EVT cells, we next silenced the expression of MMP14 in HTR-8/SVneo cells by MMP14 siRNA (the efficacy of siRNA was confirmed by Western blot; Supplemental Fig. S3 ). As shown in Figure 3 , A and B, MMP14 siRNA had no effect on the basal level of trophoblast invasion but significantly suppressed leptin (100 ng/ml)-enhanced invasion of HTR-8/SVneo cells, with the invasion index reduced by 36.4 6 10.7% (n ¼ 3, P , 0.01).
FIG. 2. Leptin promoted MMP14 expression in HTR-8/SVneo cells. A, B)
HTR-8/SVneo cells were treated without (basal) or with (100 or 500 ng/ml) leptin for 24 h, and MMP14 mRNA or protein expression was analyzed by RT-PCR (A) or Western blot (B), respectively. C) The surface expression of MMP14 was measured by biotinylation immunoblot. b-actin served as a loading control of the input cell lysates, which represents 10% of the total protein for the streptavidin pull-down to detect surface protein. One representative result out of three independent experiments is shown. Data are normalized to the control and shown as the fold change. Each bar represents the mean 6 SD (n ¼ 3, *P , 0.05, **P , 0.01).
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Leptin-Mediated MMP14 Up-Regulation in HTR-8/SVneo Cells Required Notch1 Signaling Pathway
We next sought to determine the underlying mechanisms by which MMP14 was up-regulated in the context of the proinvasion effect of leptin. Notch1 protein is expressed at the maternal-fetal interface and is implicated in normal placenta development [38] , decidualization [39] , and fetal-maternal tolerance [40] during early pregnancy. To evaluate the role of Notch1 signaling in the leptin-enhanced MMP14 up-regulation, we first examined whether leptin induced Notch1 activation in HTR-8/SVneo cells. RT-PCR analysis revealed that leptin treatment increased Notch1 mRNA expression at both 100 and 500 ng/ml ( Fig. 4A; 3 .28 6 0.22-fold at 100 ng/ ml, 4.04 6 0.26-fold at 500 ng/ml; all P , 0.01). Activation of Notch1 signaling requires cleavage of the Notch1 receptor by c-secretase to release transcriptional-active intracellular domain (NICD). Leptin increased the level of NICD in HTR-8/SVneo cells, indicating the increased activity of Notch1 signaling ( Fig.  4B ; 2.60 6 0.23-fold at 100 ng/ml, 5.78 6 0.44-fold at 500 ng/ml; all P , 0.01). Moreover, the elevated level of Hes1 mRNA, which is an endogenous Notch1 target gene, unequivocally confirmed that leptin induced Notch1 activation ( Fig. 4C ; 2.27 6 0.46-fold at 100 ng/ml, P , 0.05; 5.21 6 0.30-fold at 500 ng/ml, P , 0.01).
To investigate whether Notch1 signaling was involved in leptin-mediated MMP14 expression, Notch1 siRNA was designed and transfected into HTR-8/SVneo cells; siRNA targeted to Notch1 significantly reduced NICD expression, reflecting the knockdown efficiency (Fig. 5B ). Then we tested the level of MMP14 expression and invasive capacity of HTR-8/SVneo cells after Notch1 blockage. The results showed that Notch1 siRNA significantly reduced MMP14 protein level ( Fig. 4D ; 46.4 6 10.1%, P , 0.01) and its cell surface expression induced by leptin ( Fig. 4E; 59 .3 6 17.5%, P , 0.01). Furthermore, HTR-8/SVneo cells transfected with Notch1 siRNA displayed compromised invasive ability after leptin treatment ( Fig. 4F ; 60.5 6 6.5%, P , 0.01).
Notch1 Mediated MMP14 Expression Through the Activation of the PI3K/Akt Pathway
Next, we investigated the mechanisms by which Notch1 regulated MMP14 expression. PI3K/Akt is an important downstream signaling pathway of leptin receptor, and the cross talk between PI3K/Akt and Notch1 signaling has recently been demonstrated in multiple types of cells [41] [42] [43] . Therefore, we sought to explore whether such cross talk was responsible for the regulation of MMP14 expression in HTR-8/ SVneo cells. We first found that leptin increased the phosphorylation level of Akt compared with the untreated groups (Fig. 5A) . However, when the activity of Notch1 signaling was blocked by Notch1 siRNA in advance, the leptin-enhanced phosphorylation of Akt was also significantly reduced, while the basal level of phosphorylated Akt was not significantly affected (Fig. 5B ). These observations suggested that the cross talk between PI3K/Akt and Notch1 took place in leptin-treated HTR-8/SVneo cells and that Notch1 signaling modulated the activation of the PI3K/Akt pathway induced by leptin. To further confirm that the activation of the PI3K/Akt pathway was associated with MMP14 expression, we applied specific PI3K inhibitor, LY294002, toward HTR-8/SVneo cells followed by leptin treatment, and the expression of MMP14 was analyzed by Western blot. The results demonstrated that leptin-mediated MMP14 up-regulation was significantly suppressed by PI3K inhibitor (Fig. 5C) . Therefore, the activation of the PI3K/Akt pathway may be one of the mechanisms by which Notch1 signaling regulated MMP14 up-regulation.
As mentioned above, leptin receptor OB-Rl was significantly up-regulated after leptin treatment (Supplemental Fig.  S1C ). So we sought to explore whether Notch1 regulated the activation of PI3K/Akt by increasing the expression of OB-Rl. 
LEPTIN PROMOTES EVT CELL INVASION BY MMP14
However, perturbation of Notch1 signaling by siRNA resulted in only a slight but not significant reduction of OB-Rl expression in leptin-treated HTR-8/SVneo cells (Supplemental Fig. S4 ). Such results suggested that the overexpression of OBRl might not be involved in the cross talk between Notch1 and PI3K/Akt pathways in HTR-8/SVneo cells.
DISCUSSION
Leptin begins to accumulate in the early phase of pregnancy and sustains until 24 h after delivery [9] . This status of hyperleptinemia plays important roles in embryo implantation and maintenance of pregnancy. Normal invasiveness of extravillous trophoblast cells (EVT) is an essential factor in the placentation process in the first trimester [1] . Elucidating the effects of leptin on EVT cell invasion would provide a better understanding of its reproductive function. In this study, we identified the crucial link between leptin and the invasiveness of a human immortal first-trimester EVT cell line, HTR-8/SVneo cells, and explored a novel role of MMP14 in the proinvasion effect of leptin. In particular, the activation of Notch1 signaling was required for leptin-mediated MMP14 up-regulation in HTR-8/SVneo cells. Such effects of Notch1 signaling were associated with the activation of the PI3K/Akt pathway. Taken together, these observations provide evidence for the first time that the Notch1-PI3K/Akt-MMP14 axis is involved in leptin-enhanced invasion of EVT cells, and this proposed network is summarized in a schematic diagram (Fig.  6) .
The first-trimester trophoblasts share strikingly similar invasion properties and invasion-regulating mechanisms with malignant cells [3] . Therefore, a comparison between the characteristics of pregnancy and tumor microenvironment may shed light on key factors implicated in the invasion process. Leptin is overexpressed in variant types of malignancies and closely associated with high risk of metastasis and poor prognosis, suggesting its crucial role in tumor cell invasion [44] [45] [46] . However, compared with cancer cells, evidence of the effects of leptin on trophoblast invasiveness is much more limited [12] [13] [14] , and the precise mechanisms remain poorly understood. MMPs are a kind of crucial proteinases in the invasion process. A previous study showed that leptin promoted the invasion of primary mouse trophoblasts in early pregnancy, and this function was dependent on MMP activity [47] . However, this research did not identify the specific MMP members involved in the invasion process, nor were human trophoblast cells analyzed. In this study, we demonstrated that MMP14 was an important factor associated with the proinvasion effect of leptin on HTR-8/SVneo cells. The link between leptin and MMP14 was also demonstrated by our previous studies of gastric cancer cells [25] and other studies of cardiac fibroblasts [35] that provide good supplements for the crucial role of such a link in cell invasion. Western blot was performed to determine the expression of NICD and phosphorylation levels of Akt in the cell lysates. C) HTR-8/SVneo cells were treated in the absence or presence of PI3K inhibitor (LY294002, 20 lM, for 2 h), followed by treatment with or without leptin (100 ng/ml) for 24 h. The phosphorylation levels of Akt and MMP14 protein expression in the cell lysates were measured by Western blot. One representative result out of three independent experiments is shown. Data are normalized to the control of the corresponding experiment and shown as the fold change. Each bar represents the mean 6 SD (n ¼ 3, **P , 0.01).
LEPTIN PROMOTES EVT CELL INVASION BY MMP14
MMP14 is expressed at the maternal-fetal interface of human [36, 48] and mice [49] placenta and regulates the function of trophoblasts. For example, MMP14 mediates the release of soluble endoglin in human syncytiotrophoblasts, a clinical feature of severe pre-eclampsia [48] . Moreover, it promotes the normal formation of labyrinth in mice placenta by regulating syncytiotrophoblast differentiation [49] . The above evidence suggests that the regulation of MMP14 on trophoblasts is an important factor in the outcome of pregnancy. However, its effects on other important behaviors, such as trophoblast invasion, are still not quite understood. Although some observation reveals that the invasive trophoblasts are the main producers of MMP14 in early human placenta and therefore may have a role in the invasion process [36] , no major invasion defects seem to occur in the placenta of MMP14-knockout mice [49] . This discrepancy may be due to the species-specific difference, but more detailed studies are needed. Our results provide reliable evidence for the first time that MMP14 is an indispensable factor in the leptin-mediated invasion of HTR-8/SVneo cells. This finding is important for understanding the regulatory mechanisms in the invasion process because MMP14 not only directly degrades the matrix components, such as collagen [50] and fibronectin [51] , but also activates MMP2, an acknowledged proteinase for promoting trophoblast invasion [15, 37] . As suggested in our and previous studies [12] , leptin promoted the activation of MMP2 in trophoblast cells. The overexpression of MMP14 may be at least partially responsible for this activation. Notably, our findings demonstrated that although MMP14 was expressed in HTR-8/SVneo cells before leptin stimulation, MMP14 siRNA failed to affect the basal invasive activity. One possible explanation is that the MMP14 expression was relatively low when no exogenous leptin existed, and other molecules, such as integrins [52] and chemokines [53] , may play dominant roles in the invasion process without leptin treatment, but their effects were not explored in this study. Importantly, considering that the overexpression of leptin is an important feature during human pregnancy, behaviors of trophoblasts under leptin treatment may share more physiological similarities with those in vivo. Therefore, the effects of MMP14 on the invasiveness of leptin-stimulated trophoblasts provide powerful evidence for its importance in the normal invasion process.
The function of MMPs in malignancies invasion is often dependent on Notch signaling [26] [27] [28] . In this study, we provided a regulatory mechanism that Notch1 signaling was involved in leptin-mediated MMP14 expression in HTR-8/ SVneo cells. Leptin-induced Notch activation is found in breast cancer cells and is closely related with their migration [54, 55] , but few studies demonstrate the direct link between leptin and Notch signaling in physiological cell movements, such as trophoblast invasion. The observations in our studies suggested that Notch1 was a signaling cascade of leptin receptor in trophoblast cells and was an important mediator between leptin and MMP14 expression in the invasion process. Interestingly, the relationship of Notch signaling and MMP14 may be more complex than a one-way regulation because MMPs may interfere with Notch activity as a feedback control. For example, MMP14 diminished Notch1 signaling by directly cleaving one of its ligands, Dll1, in the process of B cell development [56] . It is reasonable to speculate that similar negative feedback occurs in placenta to avoid excessive invasion of trophoblast cells, but further experiments need to be designed to test this hypothesis.
How Notch signaling regulates MMP14 up-regulation by leptin in HTR-8/SVneo cells was further explored. As seen in a previous study, PI3K/Akt was one of the main downstream pathways of leptin in the choriocarcinoma cell line JEG-3, and its activation affected trophoblast function, such as protein synthesis [57] . These observations were consistent with our results that leptin treatment activated PI3K/Akt signaling in HTR-8/SVneo cells, which subsequently promoted MMP14 expression. More importantly, here we established a link between the Notch and PI3K/Akt pathways in trophoblasts and provided a potential regulatory mechanism that Notch1 promoted MMP14 up-regulation by activating the PI3K/Akt pathway. However, how Notch1 modulated PI3K/Akt activation was not resolved in this study. One possible explanation is that Notch1 up-regulates LEPR and consequently enhances the activation of PI3K/Akt signaling. Similar mechanisms have been found in leukemia cells [58, 59] . However, our results suggest that it might not be the preferential mechanism in HTR-8/SVneo cells because the disturbance of Notch1 signaling did not cause a significant decrease of OB-Rl expression (Supplemental Fig. S4 ). In addition, Notch1 target gene product Hes1 may inhibit the expression of the phosphate and tensin homologue (PTEN), which is an endogenous PI3K/ Akt suppressor, to decrease the inhibitory status of PI3K/Akt signaling [60] . Whether the above mechanism exists in trophoblast cells needs further exploration. Nevertheless, our findings provide good supplements for the cross talk between Notch1 and PI3K/Akt pathways and suggest that this cross talk is critical for leptin-induced MMP14 expression in EVT cells.
In summary, our study reveals a novel link between leptin and MMP14 in the invasion of EVT cells in the first trimester. We also demonstrated that Notch1 signaling was involved in leptin-induced MMP14 expression in EVT cells, and Notch1 regulated MMP14 expression by promoting the activation of the PI3K/Akt signaling pathway. Our results provide valuable supplements for the reproductive function of high-level leptin at the maternal-fetal interface of the first trimester and shed new light on how leptin regulates the invasiveness of EVT cells precisely. The results of our study would bring a better understanding regarding the pathophysiologic mechanisms of invasion-related pregnancy complications, such as miscarriage, pre-eclampsia, and intrauterine growth restriction, and may provide potential targets for the prevention and treatment of such diseases.
